This report shows some of the unique features of the Lawrence Berkeley Laboratory Computer Program GEOTHM. thermodynamic process cycles. Several examples of geothermal cycle optimization are given in this report. Three dimensional plots generated by the computer show how the optimization process works. GEOTHM should see considerable use in electrical and non-electrical application of geothermal energy.
This program designs and optimizes
INTRODUCTION
Program GEOTHM is a thermodynamic process computer program which can model, design and optimize a wide variety of thermodynamic process cycles. The program name GEOTHM reflects the fact that the Lawrence Berkeley Laboratory geothermal energy group developed the computer model with funding provided by the Energy Research and Development Administration (ERDA) . 1 p 2 9 3
The program is not restricted to geothermal power cycles; it can be used to model a wide variety of thermodynamic and refrigeration cycles including fossil fuel, solar, ocean thermal and non-electrical applications. Because of its unique optimizing capability, GEOTHM can provide a broad spectrum of applications in the process and energy industries. The program's single step optimization mode reconciles the many individual thermodynamic and cost parameters of a svstem generating an optimum total system design.
GEOTHM is a versatile thermodynamic cycle simulator for a number of reasons:
1. T h e thermodynamic processes are modularized into fundamental building blocks. The b l o c k s can be arranged in many different ways to simulate virtually any type of thermodynamic process system.
2. The calculation of the fluid thermodynamic and transport properties is separated from the thermodynamic process calculation. This factor facilitates the development of new process models and the packaging of a separate fluid properties program.
3. The program is fast. Due to efficient programming in all of GEOTHM'S iterative convergence routines, a typical geothermal power plant cycle calculation requires only about 0.075 seconds of computation time on a CDC 7600 computer.
4 . The thermodynamic cycle generator in GEOTHM can be used like a function generator which can be driven by mathematical optimizer routine which optimizes the design of the cycle with respect to any user-specified criterion.
GEOTHM's major disadvantage is its size. It has over 90 subroutines and 8000 FORTRAN statements.
Since the program is so flexible, facility in its use requires considerable user orientation. It would be difficult to transfer GEOTHM from the CDC system to another computer system. A documented user's manual which permits the program to be used on the LBL computer is forthcoming.
2.
GEOTHM AS A THERMODYNAMIC CYCLE OPTIMIZER GEOTHM can calculate thermodynamic cycles with many types of components. These components include: turbines, pumps, fans, flash tanks, heat exchangers, cooling towers, condensers, desuperheaters, burners and so on. The program designs each o f the compnnents in sufficient detail so that a reasonable cost estimate can be made. Since the process routines are modularized, new equipment models can be developed.
GEOTHM designs a thermodynamic cycle using the following user specified input data: heat source and sink conditions, net power production or refrigeration constraint, the configuration of the thermodynamic cycle, and the plant efficiency and cost factors. GEOTHM also requires a set of thermodynamic cycle or "state" parameters which provide the minimum information necessary in order to calculate the thermodynamics of the entire process cycle.
power cycle shown in Figure 1 is completely specified by the following six state parameters: 1) turbine inlet pressure, 2 ) turbine inlet temperature, 3 ) condenser exit temperature or pressure (assuming saturated liquid), 4 ) the pinch point temperature difference across the brine heat exchanger, 5) the pinch point temperature difference across the water cooled condenser, and 6) the cooling tower wet bulb approach temperature difference. Given the system state parameters and other required input data, the thermodynamic pro<.-ess and fluid properties routines which are the Simple b i n a r y g e o t h e r m a l power p l a n t c y c l e . h e a r t of program GEOTHM w i l l d e s i g n t h e p l a n t t o s a t i s f y t h e n e t power p r o d u c t i o n c o n s t r a i n t . While d e s i g n i n g t h e p l a n t , t h e program c a l c u l a t e s and p r i n t s o u t a set of s y s t e m d e s i g n p e r f o r m a n c e f a c t o r s s u c h as c y c l e e f f i c i e n c y , r e s o u r c e u t i l iz a t i o n e f f i c i e n c y , f l u i d mass f l o w s , h e a t e x c h a n g e r areas, equipment power r e q u i r e m e n t s , t h e a s s o c ia t e d C o s t s o f t h e p l a n t e q u i p m e n t , and t h e C o s t O f e n e r g y produced by t h e p l a n t . When t h e p l a n t h a s f i x e d e f f i c i e n c y and c o s t f a c t o r s , t h e f i n a l p l a n t d
e s i g n i s c o m p l e t e l y d e t e r m i n e d i n GEOTHM by t h e u s e r -d i c t a t e d s e t of s y s t e m s t a t e p a r a m e t e r s . The program i s s a i d t o b e o p e r a t i n g i n t h e " p a s s i v e d e s i g n mode". The l o g i c a l s t r u c t u r e of t h e p a s s i v e d e s i g n mode p e r m i t s t h e program t o s e r v e as a f u n c t i o n g e n e r a t o r which i s s t e e r e d by a n o p t i m i z e r r o u t i n e which o p t i m i z e s t h e d e s i g n of t h e thermodynamic c y c l e w i t h r e s p e c t t o t h a t p a r t i c u l a r f u n c t i o n . T h i s i s a c h i e v e d by i n t r o d u c i n g t h e o p t i m i z e r r o u t i n e i n t o a f e e d b a c k l o o p m o d i f i c a t i o n of t h e p a s s i v e d e s i g n mode.
The u s e r i n i t i a t e s t h e o p t im i z a t i o n p r o c e s s by i n p u t i n g a f i r s t g u e s s s e t of s y s t e m s t a t e p a r a m e t e r s which we now c a l l " o p t im i z a b l e " p a r a m e t e r s .
The u s e r must a l s o s p e c i f y which one o f t h e s y s t e m ' s p a r t i c u l a r d e s i g n p e r f o rmance f a c t o r s i s t h e o b j e c t i v e f u n c t i o n t o b e minimized o r maximized. The o p t i m i z e r s t e e r s t h e program i n a n i t e r a t i v e f a s h i o n computing an improving s e q u e n c e o f o p t i m i z a b l e p a r a m e t e r s which r a p i d l y c o n v e r g e s upon t h e optimum s y s t e m d e s i g n .
When t h e o p t i m i z e r d i r e c t s t h e program t o d e s i g n and o p t i m i z e t h e c y c l e , GEOTHM i s s a i d t o b e o p e r a t i n g i n t h e "dynamic d e s i g n mode".
Examples of o b j e ct i v e f u n c t i o n s which c o u l d b e o p t i m i z e d i n a g e o t h e r m a l power p l a n t are: 1 ) minimize c a p i t a l c o s t of t h e p l a n t , 2 ) minimize c o s t of e n e r g y from t h e p l a n t , 3 ) maximize t h e p l a n t e f f i c i e n c y , and 4 ) maximize t h e r e s o u r c e u t i l i z a t i o n e f f i c i e n c y of t h e p l a n t .
. EXAMPLES OF GEOTHM OPTIMIZATION CAPABILITY
The c a p a b i l i t y o f t h e dynamic d e s i g n mode i s i l l u s t r a t e d by t h e c y c l e shown i n F i g u r e 1. The d e s i g n of t h e s i m p l e b i -f l u i d p l a n t i s c o m p l e t e l y d e t e r m i n e d by t h e p r e v i o u s l y d e s c r i b e d set of s i x o p t i m i z a b l e p a r a m e t e r s . The s e t of a l l p o s s i b l e d e s i g n s f o r t h i s p l a n t c a
t o t h e s i x o p t i m i z a b l e p a r a m s t e r s and t h e o b j e c t i v e f u n c t i o n . O p t i m i z i n g by b r u t e f o r c e methods i n s e v e n d i m e n s i o n a l s p a c e i s imposs i b l e t o v i s u a l i z e and i t t a k e s weeks, even months o f computer t i m e t o a c h i e v e . On t h e o t h e r hand, GEOTHM w i t h i t s o p t i m i z e r p e r f o r m s t h i s t a s k i n
one s t e p u s i n g less t h a n 30 s e c o n d s of CDC 7 6 0 0 computer t i m e . c y c l e shown i n F i g u r e 1. One uses e n e r g y c o s t ( i n $ p e r kWhr) as an o b j e c t i v e f u n c t i o n .
e m p e r a t u r e i n t h e s y s t e m ) and a d r y b u l b tempera t u r e of 4 3 . 3 O C (IlO'F).
The s e c o n d a r y working f l u i d i s i s o b u t a n e . The p l a n t i s c o n s t r a i n e d t o p r o d u c e 50 MW net power a t t h e bus b a r a t an 85% l o a d f a c t o r . The e f f i c i e n c i e s of t h e t u r b i n e , m a j o r pumps and f a n s are 85%, 80% and 50% r e s p e c t i v e l y .
The g e n e r a t o r and motor e f f i c i e n c i e s a r e 98%. The c o s t d a t a and equipment c o s t models u t i l i z e d i n t h i s s t u d y a r e based upon i n f o r m a t i o n g a t h e r e d from ERDA s o u r c e documents, from v c i i d o r 5 of m a j o r c a p i t a l equipment and from t h e c o n c e p t u a l d e s i g n s t u d i e s of r e p u t a b l e A & E c o n t r a c t o r s . S i n c e t h e r e i s no u n a n i m i t y of agreement among t h e s e v a r i o u s p a r t i e s c o n c e r n i n g t h i s c o s t d a t a , t h e examples shown h e r e are o n l y examples, and s h o u l d n o t b e t a k e n a s r e a l p l a n t d e s i g n d a t a .
T a b l e 1 compares t h e o p t i m i z e d d e s i g n s f o r minimum e n e r g y c o s t and maximum b r i n e u t i l i z a t i o n
The c y c l e assumed p u r e water e n t e r i n g t h e c y c l e 
f f i c i e n c y . As e x p e c t e d , t h e minimum e n e r g y c o s t p l a n t d o e s n o t conform t o t h e d e s i g n s t a n d a r d s f o r a p l a n t which u t i l i z e s t h e b r i n e most e f f i c i e n t l y . The f o r m e r h a s non ' z e r o p i n c h p o i n t t e m p e r a t u r e d i f f e r e n c e s and w e t b u l b a p p r o a c h w h i l e t h e l a t t e r h a s a l l of t h e s e o p t i m i z a b l e p a r a m e t e r s f o r c e d t o z e r o . Maximum b r i n e u t i l i z a t i o n and minimum c o s t e n e r g y a r e n o t c o m p a t i b l e d e s i g n c r i t e r i a . I t i s r a t h e r n a i v e t o t h i n k o t h e r w i s e .
o p t i m i z a b l e p a r a m e t e r s ( p i n c h p o i n t t e m p e r a t u r e d i f f e r e n c e s , w e t b u l b a p p r o a c h and c o n d e n s e r p r e s s u r e ) a r e s e t t o t h e optimum v a l u e s . The t h r e e d i m e n s i o n a l p l o t s shown i n F i g u r e 2 , 3, and 4 show how t h e o b j e c t i v e f u n c t i o n v a r i e s w i t h t u r b i n e i n l e t t e m p e r a t u r e and p r e s s u r e . The f i g u r e s which were g e n e r a t e d by t h e computer show a l a n d s c a p e l i k e s u r f a c e which c o n t a i n s a u n i q u e optimum p o i n t . F i g u r e 2 and 4 show e n e r g y c o s t a s a f u n c t i o n o f t u r b i n e i n l e t t e m p e r a t u r e and p r e s s u r e . The p r i m a r y d i f f e r e n c e between F i g u r e 2 and 4 i s t h a t For p u r p o s e s o f v i s u a l i z a t i o n , f o u r of t h e s i x t h e f o r m e r assumes a c o n t i n u o u s l y v a r y i n g w e l l c o s t v e r s u s w e l l f l o w w h i l e t h e l a t t e r o n l y a l l o w s f o r d i s c r e t e i n t e g e r number of w e l l s . The l a t t e r f i g u r e a l s o assumes l o w e r p r i c e d w e l l s . The i s o b u t a n e . program f i n d s t h e minimum e n e r g y c o s t a t t h e b u s b a r i n e i t h e r c a s e . The computer program f i n d s t h e g l o b a l minimum on t h i s s u r f a c e and t h e o t h e r f o u r d i m e n s i o n s v e r y q u i c k l y ( u s u a l l y i n less t h a n 30 i t e r a t i o n s t e p s ) . F i g u r e 2 r e q u i r e d 900 c a l c ul a t i o n s t o c r e a t e .
I f F i g u r e 2 c o u l d b e drawn i n s e v e n d i m e n s i o n a l s p a c e , i t would t a k e 7.3x108 c a l c u l a t i o n s o r 1 . 7 6 y e a r s of CDC 7600 computer t i m e t o c r e a t e . The optimum w a s found by GEOTHM i n s e v e n d i m e n s i o n a l s p a c e i n j u s t o v e r 20 s e c o n d s of CDC 7600 computer t i m e .
F i g u r e 3 shows b r i n e u t i l i z a t i o n e f f i c i e n c y a s a f u n c t i o n of t u r b i n e i n l e t t e m p e r a t u r e and p r e s s u r e . The maximum u t i l i z a t i o n e f f i c i e n c y p o i n t d o e s n o t c o r r e s p o n d t o t h e minimum e n e r g y c o s t p o i n t shown i n F i g u r e 2. I n f a c t , t h e s h a p e of t h e h i l l i n F i g u r e 3 d o e s n o t c o r r e s p o n d t o F i g . 3 . B r i n e u t i l i z a t i o n e f f i c i e n c y d e s i g n s u r f a c e f o r a 50 MWe b i n a r y c y c l e power p l a n t -I.
F i g . 2 . Energy c o s t d e s i g n s u r f a c e f o r a 50 MWe b i n a r y c y c l e power p l a n t -i s o b u t a n e (cont i n u o u s w e l l c o s t ) F i g . 4 . Energy c o s t d e s i g n s u r f a c e f o r a 50 M W e b i n a r y c y c l e power p l a n t -i s o b u t a n e ( d i sc r e t e w e l l c o s~) .
t h e s h a p e o f t h e v a l l e y i n F i g u r e 2 . The o r i e r it a t i o n i s e n t i r e l y d i f f e r e n t b e c a u s e t h e f a c t o r s g o v e r n i n g t h e o p t i m a l d e s i g n a r e d i f f e r e n t . T h e e n e r g y c o s t which c o r r e s p o n d s t o t h e optimum p o i n t i n F i g u r e 4 i s i n f i n i t e b e c a u s e t h e pincli p o i n t t e m p e r a t u r e d i f f e r e n c e s and t h e wet h u l h a p p r o a c h are z e r o , r e q u i r i n g i n f i n i t e a r e a h e a t e x c h a n g e r s .
i s shown i n F i g u r e 5 . T h i s f i g u r e shows a p l o t o f b u s b a r e n e r g y c o s t as a f u n c t i o n of b r i n e u t i l iz a t i o n e f f i c i e n c y and b r i n e i n l e t t e m p e r a t u r i .
The thermodynamic c y c l e i s t h e same a s t h e p r e v i o u s
One f i n a l example of GEOTHM'S u n i q u e c a p a ' h i l i t v case ( s e e F i g u r e 1 ) . The component e f f i c i e n c y and c o s t f a c t o r s a r e t h e same as t h e p r e v i o u s cases. F i g u r e 5 d e m o n s t r a t e s t h a t c o s t of e n e r g y d r o p s d r a m a t i c a l l y as t h e t e m p e r a t u r e ( e n t h a l p y ) of t h e l i q u i d dominated r e s o u r c e rises. The l o w e s t c o s t f o r a g i v e n r e s o u r c e t e m p e r a t u r e i s n e i t h e r a t t h e h i g h e s t o r a t t h e l o w e s t b r i n e u t i l i z a t i o n e f f i c i e n c y . The l o w e s t c o s t e n e r g y o c c u r s a t b r i n e u t i l i z a t i o n e f f i c i e n c i e s o f around 40 p e r c e n t . When t h e b r i n e u t i l i z a t i o n e f f i c i e n c y i s above t h e minimum c o s t t r e n c h i n F i g u r e 5, t h e e n e r g y c o s t i s dominated by p l a n t e n e r g y c o n v e r s i o n equipment ( h e a t e x c h a n g e r s p r i m a r i l y ) .
When t h e b r i n e u t i l i z a t i o n e f f i c i e n c y i s below t h e minimum c o s t t r e n c h , t h e e n e r g y c o s t is dominated by t h e g e o t h e r m a l w e l l s and t h e b r i n e h a n d l i n g equipment. I t is c l e a r t h a t a compromise must b e s t r u c k between t h e l o w e s t c o s t e l e c t r i c e n e r g y and b r i n e u t i l i z a t i o n e f f i c i e n c y . 
. A FUTURE FOR GEOTHM
GEOTHM c a n go much f u r t h e r t h a n m e r e l y d e s i g n i n g and o p t i m i z i n g g e o t h e r m a l power p l a n t s . Once t h e p l a n t h a s been d e s i g n e d and b u i l t , GEOTHM can b e used t o d i c t a t e t h e c o n t r o l of t h e p l a n t t o maximize t h e e n e r g y o u t p u t from t h e p l a n t . For example, GEOTHM w i l l s p e c i f y a n optimum p l a n t d e s i g n f o r g i v e n s o u r c e and s i n k c o n d i t i o n s . The s o u r c e w i l l change w i t h t i m e ( u s u a l l y t h e t e m p e r a t u r e d r o p s ) t h e s i n k w i l l v a r y d e p e n d i n g on t h e s e a s o n and l o c a l w e a t h e r p a t t e r n s .
GEOTHM can c a l c u l a t e t h e optimum o p e r a t i n g c o n d i t i o n s needed t o maximize t h e f i n a n c i a l r e t u r n from t h e p l a n t t o t h e i n v e s t e r a f t e r i t i s b u i l t .
undreamed o f , b e f o r e t h e y a r e b u i l t . The program w i l l o p t i m i z e t h e s e d e s i g n s u s i n g s i t e s p e c i f i c p a r a m e t e r s . e x t e n d e d t o o t h e r t y p e s of thermodynamic and p r o c e s s c y c l e s . These c y c l e s can b e a n a l y z e d o v e r t h e i r u s e f u l l i f e b e f o r e t h e p l a n t o r p r o c e s s i s b u i l t . The economic impact of GEOTHM on t h e power and p r o c e s s i n d u s t r i e s s h o u l d b e s u b s t a n t i a l .
GEOTHM c a n b e used t o a n a l y z e c y c l e s , a s y e t A Thermodynamic P r o c e s s Program f o r Geot h e r m a l Power P l a n t C y c l e s . " P r e s e n t e d a t t h e CUBE Symposium a t t h e Geothermal Power P l a n t C y c l e s Using GEOTHM." P r e s e n t e d a t t h e Second U n i t e d N a t i o n s Symposium on t h e Development and Use of Geothermal R e s o u r c e s , San F r a n c i s c o , May 19-29, 1975 , LBL-3238, May 1975 3 H. S . P i n e s and M. A . Green, "The Use o f Program GEOTHM t o Design and O p t i m i z e Geot h e r m a l Power C y c l e s . " P r e s e n t e d a t t h e E l e v e n t h I t e r s o c i e t y -E n e r g y C o n v e r s i o n E n g i n e e r i n g C o n f e r e n c e , Lake Tahoe, Nevada, September 1 2 -1 7 , 1976, LBL-4454, J u n e 1976. 
